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Abstract
The feasibility of using microplasma device (MPD) as a non-thermal plasma
source for hydrogen production to potentially replace conventional source of electricity
for potable applications has been explored. The scaling theory for direct glow discharges
along with the design approach, fabrication details and the experimental characterizations
are presented for two types of device: Planar Geometry Microplasma Device (PGMPD),
and

Parallel Plane Electrodes Microplasma Device (PPEMPD). Optical Emission

Spectroscopy (OES) and current-voltage characteristics of the two designs are described.
Issues related to plasma stability and breakdown voltage are studied. It was found that
the breakdown voltage of the designs is about 280 V, with a 30-sccm of argon flow rate.
In addition it was found that a more durable electrode material is needed to improve the
lifetime of the PPEMPD devices, which is limited to about 2 hours due to sputtering.
Experimental runs have demonstrated a water vapor conversion to hydrogen using argon
plasma at atmospheric pressure.
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Chapter 1
1.1

Introduction

Introduction
Techniques developed originally for semiconductor processing, offer an exciting

opportunity to fabricate devices capable of producing weakly ionized microplasmas [1].
The word microplasma is accepted for the plasmas that are confined within sub
millimeter cavities at least in one dimension or less is expected to bring previously
unobserved physical phenomena to the fore as well as to offer new device applications
[2]. Research activities along this direction have been increasing on a worldwide scale
especially in the US and Japan since the late 1990s [1, 3]. These researches are pursuing
two main goals: (1) to investigate the physics of microplasma confined to sub-millimeter
dimensions, and (2) to develop device platforms that can produce microplasma to be
integrated with electronic and photonic components, for mass production.
Microplasma Device (MPD) has quickly long-drawn-out for its conventional
material processing to nano-material synthesis, microchemical analysis, photonic device,
biomaterial processing, and to fuel cell research [1].

Microplasma technology can be

used to produce hydrogen. Ammonia and methanol has been commonly investigated as a
possible precursor of hydrogen sources for micro power generation using MPD [1, 4-7].
MPD generating hydrogen for fuel cells offers potential replacement of batteries in
mobile applications.

One of the main reasons for these investigations is the storage of

the by-product hydrogen used in fuel cells.

The use of MPD for in situ hydrogen

production for portable applications presents a solution to the challenging problem that
hydrogen is liquefied only at extreme temperature and pressure conditions. In addition,

1

this in situ hydrogen production application would avoid the cost of caution measures of
highly combustible hydrogen.
The objective of this thesis work mainly consisted of design, development and
optimization of MPD that would be used as a sustainable source of hydrogen fuel. The
purpose was more to initiate research that would allow the assessment of microplasma
technology for hydrogen production. In particular (1) device development, (2) hydrogen
production verification and (3) optimization for efficiency would be investigated.

1.2

What is Plasma?
Plasma is often referred to as a fourth state of matter in addition to solid, liquid,

and gas. In plasmas the degree of ionization is high and therefore high densities of ions
and electrons are found.

In other words, plasma consists of free positive charges,

negative charges, and neutral species.

Plasma can conduct electricity and interact

strongly with electric and magnetic fields.
Providing energy for producing electron-ion pairs generates plasma. Plasma is
ionized gas. Such ionized gas is the most abundant observable form of matter in the
universe, being a main ingredient in stars and nebulas. Plasma technology is also present
in our every day life and for instance microplasma are employed in plasma display. In
plasma display electric field is applied between electrodes in the screen pixels.
The ionization degree in plasma can be defined as:

DI= n/N,

(1.1)

where ne and N are the number densities of electrons and neutral species, respectively.
Generally the word "plasma" is used to describe the state of the matter, while discharge
identifies that the plasma is generated by the application of an electric field. In which
case is called a discharge or a plasma discharge. Strongly ionized plasma is understood
not to have DI greater than 10-3 [8, 9].
In general, plasma state can be produced by supplying energy (e.g electrically,
thermally) for the ionization of neutral species. In particular, non-equilibrium plasmas
(also called low-temperature plasmas) are a class of plasmas whereby the electron energy
is much higher than that of the neutral gas. Therefore such plasma is very useful to
provide necessary energy for material processing and will be used in our MPD.

1.3

Breakdown of Gases in Electric Fields
The application of a potential difference between a pair of electrodes generally

produces plasma discharges. The power supplied to the electrodes can vary in frequency
from direct current (DC) to very high frequencies. Power coupling can vary and generate
very different plasmas such as arcs, sparks, Inductively Coupled Plasma (ICP), Direct
Current Plasma (DCP) and Microwave induced plasma (MIP).
When a gas is exposed to high electrical potential, the partial ionization of the gas
takes place. Collisions between charges and other particles induce the ionization of a
bound electrons with the consequent formation of free electrons and positively charged
particles. For example, the ionization of an argon atom is expressed as follows[lO]:

+

e- +Ar-Ar +2e-

(1.2)
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Simultaneously, some argon atoms are excited to high electronic energy levels:

e- + Ar -Ar·+ e-

(1.3)

Another efficient ionization process involves excited species which induce ionization by
collision with other particles [11]:

A•+B-A+B++e-

(1.4)

where, A and B represent two different species.
In plasmas, atoms and ions are promoted to higher energy levels by absorbing
energy. When the excited state atoms and ions fall back from their higher energy level
(Eq ) to one of lower energy levels (Ep), they emit radiation spontaneously to give
characteristic spectral lines, the wavelengths of which depend on the energy of the
transitions involved. The wavelength ('.),.) of a line is related to the frequency (v) and the
energies (Eq, Ep) of the atomic levels (q, p ) between which the transition takes place by:

hvqp = he I)., qp = Eq - Ep

(1.5)

where, c is the speed of light and h is the Planck constant.

1.4

Breakdown of Gases in Electric Fields

Gas breakdown is fundamentally a threshold course of action. This means that
breakdown only occurred if the field exceeds a value characterizing a specific set of

4

conditions.

The breakdown voltage, or ignition potential, Vi depends on the gas

components, the material of the cathode, the pressure, and the discharge gap width [9].
For most densities up to values corresponding to pressure of a few atmospheres at
normal ambient temperatures; uniform-field breakdown in most gases is described by the
Paschen's law which relates the breakdown voltage Vt to the product of pressure with
distance (pd).
Paschen Law's is as follow:

Vt=

Bpd

•.

]n(Apd)-ln On(1+�)

(1.6)

where V1 is the ignition potential, A and B are constants, that depend on the gas being
used; y is the secondary electron emission coefficient for the cathode [9, 12]. Before the
ignition potential is reached, a very small current exists while the voltage across the
discharge gap is gradually increased.

Ionization avalanche process occurs at a certain

value of voltage, the ignition potential. At this point the current sharply increases and
light emission is observed.
Figure 1-1 illustrates the Paschen curves for different gases over a wide range of
pd values, i.e. the product of the pressure with the electrode distance (Torr.cm) [9].
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Figure 1-1: Paschen Curves [9]

1.5

Classification of Discharge
Depending on how plasma is generated by different electric fields, it can be

categorized by: Microwave Induced Plasma (MIP), Inductively Coupled Plasma (ICP),
Capacitively Coupled Plasma (CCP), Direct Current Plasma (DCP), Radio Frequency
Glow Discharge (RFGD), Direct Current Glow Discharge (DCGD) and Alternating
Current (AC) Micro Plasma Device (MPD) [13-16].

They have been found to be

powerful excitation and ionization sources for optical emission spectroscopy and mass
spectroscopy, as well as to be detectors of gas chromatography (GC) and high
performance liquid chromatography (HPLC) in many other applications, such as, on-site
industrial monitoring and environment monitoring.

6

1.5.1

Microwave Induced Plasma (MIP)
Engel et al from the University of Dortmund, Germany have developed a

microwave induced plasma source for atomic emission spectroscopy at atmospheric
pressure using microstrip technology [15, 17]. The gas channel was about lmm2 and
integrated in a fused silica dielectric wafer (1 x 33 x 90 mm3 }. The electrodeless plasma
operated at 2.45 GHz microwave input power of 10-40 W and argon flows of 50 to 1000
mL/min. Rotational temperature and excitation temperature were found to be 650 K and
8000 K, respectively. Mercury (Hg) was determined using the flow injection cold vapor
(FI-CV) technique and a detection limit of 50 pg/min was obtained.

1.5.2

Inductively Couple Plasma (ICP)
The group led by Ichiki from Tokyo University developed an atmospheric

pressure planar type of inductively couple plasma sources for a portable liquid analysis
system [18]. It consisted of two dielectric plates with a 15 x 30 mm2 area. A discharge
tube of 1 x 1 x 30 mm3 was mechanically engraved on one side of the dielectric plate and
a planar antenna was fabricated on the other side of the plate. A Very High Frequency
(VHF) transmitter with a frequency range from 144 MHz to 146 MHz and a power of 50
W was used to power the plasma device. An-type impedance matching network was
needed. An.argon gas with a typical flow rate of 0.7 L/min was used as plasma gas. The
electronic excitation temperature of argon plasma was determined to be 4000 to 4500 K.
The plasma density of 8 x 104 cm-3 was obtained with the flow rate above 0.8 L/min. A
detection limit of 5 ppm NaCl solution was obtained using the electrospray as the sample
introduction method and a monochromator with a photomultiplier as the detector system.
7

1.5.3

Capacitively Coupled Plasma (CCP)
Hauser et al from the University of Basel, Switzerland developed a capacitively

coupled microplasma device in a fused silica capillary (250 µm inner diameter) with two
cylindrical electrodes placed 12 mm apart [19].

An electrical power of 8 W was needed

when an AC voltage at 20 kHz and 20 kV was applied. Gas flow rate at 3 to 200 mL/min
of argon /helium was needed to sustain the plasma. The excitation temperature of helium
plasma was determined to be 1200 K. Mercury (Hg) vapor, arsenic (As) and antimony
(Sb) in aqueous samples via hydride generation were detected with a small portable,
photodiode-array based spectrometer from Ocean Optics and the detection limits were
200 ppb, 500 ppb, 230 ppb, respectively.

1.5.4

Direct Current Glow Discharge (DCGD)
Since the main objective of the thesis work is to generate Direct Current Glow

Discharge with a MPD, more attention will be given to MPD based on DCGD.
A joint venture between Stevens Institute of Technology (Hoboken, NJ) and the
New Jersey Commission on Science and Technology (NJCST), developed series of
experiments in which they explored the use of flow through a single hole Micro-Hollow
Cathode Discharge (MHCD) plasma reactor using a DC power supply for the generation
of hydrogen. The glow discharge cell was made of two electrodes of 0.1 mm thick
molybdenum foils and separated by a dielectric spacer of 0.25-0.40 mm thick [7]. The
device was in high-pressure ammonia-argon gas mixtures. Slightly more than 20% of
ammonia conversion was achieved.

8

Karanassios

[4]

from

the

University

of Waterloo

(Ontario,

Canada)

micromachined and fabricated a DC planar-geometry self-igniting, atmospheric pressure
MPD on chips for analysis of microsamples of liquids, solids or gases by optical emission
spectroscopy. The device consisted of a top microscope glass slide with fixed inlet and
outlet tubes, and a bottom plate with gold electrodes spaced by an etched area defining
the microplasma chamber.

The analytical performance of the device was poor. Signal

with an appreciable signal-to-noise ratio were obtained only from highly concentrated
(1000 ppm) standard solution [4]. Also the lifetime of the device was short, only few
hours of operation.
Eijkel's group from Imperial College, London developed an optical em1ss1on
detector [13]. This device employed DC helium plasma for molecular fragmentation and
excitation. The device consisted of two microscope glass slides. In the top plate HF wet
etching process was used to pattern the channels and plasma chamber.

In the bottom

plate shallow electrode trench was etched, followed by deposition of 50 nm of chromium
and 250 nm of gold to form the electrodes. By observing the emission of the CH radical,
methane could be detected with a detection limitation of 600 ppm.
Fu

from Fu-Jen Catholic University (Tarpei, Taiwan) developed a gas

chromatography detector using a DC discharged MPD [20]. The device was assembled
on glass substrates. At atmospheric pressure, the helium micro detector was able to
detect about 10- 12 g of elements of organic functional groups.

9

1.6

Plasma Characterization

1.6.1

1-V Characteristics
A self-sustaining discharge begins to glow in gas as the breakdown voltage is

reached [9]. Based on Ohm's law the current increases when the load resistance (resistor
in series with the plasma, chosen to generate the desired electric current) decreases or by
increasing the voltage. In other words, when the applied voltage increases, the voltage at
the electrode (electrode voltage) fall then stop, and remains almost constant over a fairly
wide range of values. This portion of the 1-V curve corresponds to the normal glow
discharge [9].
The normal discharge part of the 1-V curve has a pretty outstanding property.
While the discharge current is fixed, its density at the cathode remains unaffected. What
changes is the area through which the current flows. Therefore when the resistance or
voltage varied the luminous current spot on the cathode surface gets bigger or smaller.
When there is no more free space left on the cathode, the current is increased by
increasing the voltage, consequently taking out more electrons from unit surface area.
This type of discharge is said to be abnormal.
Figure 1- 2 summarizes current-voltage characteristics of discharge. Typically:
(A) denotes the region of non-self-sustaining discharge, (BC) Townsend dark discharge,
(DE) normal glow discharge, (EF) abnormal glow discharge, (FG) transition to arcing,
and (GH) arc [21].
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1.6.2

Optical Emission Spectroscopy (OES)
Figure 1-3 illustrates the optical elements found in the Ocean Optics HR4000

Spectrometer used to collect spectra. The HR4000 includes the following components:
(1) a Subminiature version A (SMA) connector, (2) a slit, (3) a filter, (4) a collimating
mirror, (5) a grating, (6) a focusing mirror, (7) collection lens, and (8) charge-coupled
device (CCD) detector.
The connector secures the input fiber to the spectrometer. Light from the input
fiber enters the optical bench through this connector. A dark piece of material containing
a rectangular aperture, which is mounted directly behind the SMA connector, denotes the
slit. The filter restricts optical radiation to pre-determined wavelength region. Light
passes through the filter before entering the optical bench.

The collimating mmor

focuses light entering the optical bench towards the grating of the spectrometer. Light
11

enters the spectrometer, passes through the SMA connector, slit, and filter, and then
reflects off the collimating mirror onto the grading. The grading diffracts light from the
The

collimating mirror and directs the diffracted light onto the focusing mirror.

collecting lens focuses light onto the shorter CCD detector elements. The CCD detector
then collects the light received then convert and amplifies the optical signals to current
signals [21].
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Figure 1-3: Schematic Diagram of Ocean Optics HR4000 Spectrometer [21]
1. 7

Thesis Outline
The remaining of this thesis was organized as follows. In Chapter 2, an over view

of fuel cells along with a description on how fuel cells can be produced are described.
Planar Geometry Microplasma Device (PGMPD) was described in Chapter 3 as
preliminary design, along with the fabrication details.

Breakdown voltages were

12

compared with electrode gap distances. A current-voltage characteristics study was also
completed. In Chapter 4, Parallel Plane Electrode Microplasma Device (PPEMPD) was
described with fabrication details. Study of breakdown voltages of different electrode
size of the PPEMPD was evaluated. In the meanwhile the effect of current-voltage
characteristics and the argon gas flow rate through the device were studied. A plasma
elemental optical analysis was performed in Chapter 5 to ensure no contamination in the
plasma.

OES experimental results showed some evidence of hydrogen production.

Chapter 6 was a summary of what had been done in the research project and future work.
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Chapter 2
2.1

Hydrogen Production

Overview of Fuel Cells
William Grove demonstrated the first "fuel cell" in 1839 when he effectively

reserved the water electrolysis reaction by replacing the power supply with an ammeter
and measuring the small current produced [22].

Since then there have been many

different types of fuel cells, which utilize different electrodes, electrolytes, and fuels.
Table 2-1 displays the various types of fuels cells along with their operating
characteristics.
Fuel Cell
Type
Alkaline
Proton
Exchange
Membrane
Direct
Methanol

Electrolyte Mobile Operating Applications
ion
Temp.
f
Of
50-200° C Military,
Aqueous
Space
alkaline
solution
+
Polymer
30-100°C Potable
H
applications
member
Polymer
Member

Phosphoric Molten
phosphoric
Acid
acid

H

+

20-90° C

+

-220°C

H

Molten
Carbonate

Molten
alkaline
carbonate

C03 -

Solid
Oxide

Ceramic
oxide

o ·

L

L

Low power
portable
applications
Distributed
generation

-650°C

Large scale
distributed
generation

5001000° c

Electric
utility,
Auxiliary
power

Advantages Disadvantages
Fast
cathode
reaction
Low
temperature
Low
temperature
Increased
hydrogen
impurity
tolerance
Variety of
catalyst
Variety of
fuel types

Fuel purity
required
Expensive
catalysts
Carbon
dioxide waste
product
Low power
density
High
temperature
mcreases
corrosion
High
temperature
increases
corrosion

Table 2-1: Data provided by: Larminie and Dicks [22] and the U.S. department of
Energy: Hydrogen, Fuel Cells and Infrastructure Techno logics Program.
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Fuel cells have many advantages over other energy conversion devices such as
internal combustion engines. For example, fuel cells are fairly simplistic and contain few
moving parts. Fuel cells also produce fewer emissions, are modular, and very quiet.
Energy available to do any external work, ignoring any work by change in volume
or pressure is know as Gibbs free energy (L1G). The efficiency of a fuel cell is related to
its operating voltage [22]. For hydrogen to support this fuel cell, the electromotive force
(EMF) produced if all of energy from the hydrogen fuel was transformed into electrical
energy or Gibbs free energy (L1G) can be related by:
EMF= -L1G I 2F = - L1HJI 2F

(2.1)

where �H f is the enthalpy of formation and F is faraday's constant. However, there are
two different values that can be used for the enthalpy of formation. This difference is
created when considering the formation of steam or liquid water as the product at the
cathode of the fuel cell [22].
The difference between the two �H r values is the molar enthalpy of vaporization
of water (water based experiment). The larger and smaller values are known as the higher
and lower heating values respectively. It is more accurate to use the higher heating value
(HHV) in all calculations since using the lower heating value (LHV) results in higher and
sometimes unrealistic efficiencies. Therefore, using the HHV of -285.84 kJ.mor' in
equation (2.1) results in an open circuit voltage of 1.48V. This voltage is result of a 100%
efficient system. A fuel cell's efficiency is therefore described by:
17 = f - X.100%
•C

1 ... s

T

(2.2)

where f is the fuel utilization of the cell, and Ve is the operating voltage of the cell.
Typical fuel cell voltages range from 0.6 to 0.8 V, which results in efficiencies around

50%. To create a more useful voltage as well as current, cells are combined in series and
parallel circuits to form a fuel cell stack [22].
2.2

Hydrogen Production

As an ideal energy carrier, hydrogen plays a critical role in a new, decentralized
energy infrastructure that can provide power to vehicles, homes, industries and portable
devices such as notebooks, cell phones, cameras, and camcorder. Hydrogen boasts many
important advantages over other fuels. It is non-toxic, and clean to use, and it packs the
highest amount of energy per unit weight. Hydrogen is also the fuel choice for energy
efficient fuel cells and can be safely transported because of its dissipation when it leaks.
Because of these advantages, hydrogen is considered a valuable energy source, as well as
an energy carrier. In 2003, President Bush announced a $1.2 billion Hydrogen Fuel
Initiative to reverse America's growing dependence on foreign oil and reduce greenhouse
gas emissions [23]. This announcement urged the development of commercially viable
hydrogen fuel and hydrogen based technologies for cars, trucks, homes, businesses and
electronics.
Hydrogen can be produced from diverse feedstocks using a variety of process
technology.

Compounds, such as fossil fuels, biomass, or even water (Hydrogen

containing), can be a source of hydrogen. Thermochemical processes can be used to
produce hydrogen from biomass and from fossil fuels such as coal, natural gas, and
petroleum [22]. Power generated from sunlight, wind and nuclear sources can be used to
produce hydrogen electrolytically or using plasma [ 1, 3]. Sunlight alone can also drive
photolytic production of hydrogen from water, using advanced photo electrochemical and
photo biological processes.
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Chapter 3
3.1

Planar Geometry Microplasma Device (PGMPD)

Planar Geometry Microplasma Device (PGMPD) Fabrication Details
A Planar Geometry Microplasma Device (PGMPD) as shown in Figure 3-1 was

developed in the Semiconductor and Microsystems Fabrication Laboratory (SMFL) at the
Rochester Institute of Technology (RIT). The device can be constructed in one day with
little cost associated. As shown in Figure 3-1, it consisted of a bottom 75 x 50 x 1 mm
microscope glass slide distributed by Fisher Scientific, with aluminum sputter electrodes.
A double-sided tape of 1 mm thick (from Office Depot) was used to define the plasma
chamber of volume lcm3 (72 x 14 x 1 mm3 ) and a top 75 x 25 x 1 mm glass from the
same company as mentioned for the 75 x 50 x 1 mm. Two holes were drilled about 6 cm
apart in the top glass to make the gas inlet and outlet. The gas inserts were purchased
from Swagelok (Solon, OH) and were fixed on the inlet and outlet hole for the gas tube
connection. Note that there are five pairs of electrodes with different gaps (3 mm, 1 mm,
500 µm, 100 µm, and 50 µm). With argon gas flowing through the PGMPD and a DC
voltage applied to the aluminum pads; plasma was generated between the two planar
electrodes. Process details are as follow.
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Figure 3-1: Schematic Diagram of PGMPD

3.1.1

Scribe
The first step in the process is to scribe each glass substrate with a lot number and

a unique identification number to distinguish devices. Since the glass substrates are only
75 x 50 x 1 mm and transparent, one try to use the least digits as possible. This process is
still under research and development so the naming convention chosen is X-D y . Where
X is the digit of the lot, and Y is the digit of the substrate, and the letter D stands for
Device. Since only one lot is run, all glass substrates are scribed with 1 and starting from
D 1 for the first substrate to D 8 the last one.
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3.1.2

Clean
The purpose of this step is to remove organic and metallic particles that have

accumulated on the glass substrates after the scribe step and handling even with glove on.
Figure 3-2 is a diagram of the clean process that is used.

Bath #1
100 mLof
Acetone at Room
Temperature
3 min

Bake
90C
60 sec

)

c==>

Spray Rinse
DI Water
1 min

¢=

BlowDry
/ With :\1 Gun
2

c==>

/¢=

Bath #2
100 mLof :.\ietbanol
at Room
Temperature
3 min

n

Spray Rinse
DI Water
1 min

Figure 3-2: Clean Process

Bath # 1 only contains Acetone (CH3CO CH3), which is used to remove organic
particles such as photoresist. A rinse is performed to take out residual chemical before a
methanol (CH3 0H) clean to eliminate potential remaining organic particles as well as any
metallic particles in Bath # 2. Spray rinse is done and the glass substrates are blow dry
with nitrogen gun. A final step is performed by baking the glass substrate at 90° C for 60
seconds to remove any moisture before introduction in the CVC601 DC Magnetron
sputter vacuum chamber.
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3.1.3

Aluminum Sputtering
A 1.5 µm thick Aluminum layer with 1% Silicon is sputtered onto the entire 75 x

50 x 1

mm glass substrate. This aluminum will be patterned to define the electrodes.

The thick layer of Aluminum used is set to be less than 2 µm to reduce intermolecular
stress during and after deposition. The CVC601 DC Magnetron sputter system is used
with the 8" Al/Si-1% target.
To ensure a base pressure in the 1-2x10-5 Torr range, a couple of hours pump
down should be done. Details for the sputter recipe are shown in Table 3-1. A five
minute pre-sputter should be done to clean the surface of the target.

The average

deposition rate is 391 A/min, therefore 38 minutes is required to achieve a 15,000 A
thickness. Substrates D1-D8 are included. The average thickness of the Aluminum came
to be 18,025 A. The 18.32 % difference between the measured value and the target value
can be explain by the fact that the Al/Si-1% target of CVC601 was changed few days
before. Therefore the deposition rate was not quite stable.

2000 W
Power
5.0 mTorr
Pressure
Argon Set Point 20 seem
Argon Flow
21.9 seem
38 min
Time
Table 3-1: Aluminum Metal 1 Sputter Deposition Process
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3.1.4

Lithography
The lithography was performed to define the electrode gaps, and contact pads for

this PGMPD. Everything outside of the electrode will be plain glass. CAD/Art Services,
Inc, (Bandon, OR) prints the mask. The mask is a clear field mask where the electrodes
and contact pads are opaque boxes made of ink and everywhere else is transparent. A
positive resist system is required to have photoresist remaining to protect the electrodes
and contact pads areas during etching.

UV (Ultraviolet) light passing through the

transparent area of the mask will be absorbed by the photoresist and allow it to be
dissolved in a developer solution. The resist must then be hard baked so that it can
withstand the subsequent wet etch. Figure 3-3 shows the PGMPD process flow in cross
section.
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d. :\.fcer Itch

e. PGlIPD :\.fter Phoc.ol'e3i."'t: Strip

Figure 3-3: PGMPD Process Flow

Karl Suss MA55 Contact Aligner is used for the exposure of the photoresist. This
tool does not have a reduction feature, and it operates with a 350W mercury arc lamp
source with 365 nm UV and can process 150 mm wafers or glass substrates or small
pieces.

The minimum feature size that can be resolved with this optical system is

governed by the Raleigh Criteria shown in equation (3-1) where "A is the exposure
22

wavelength, NA is the numerical aperture, and k1 is a process dependent parameter.
Equation (3-2) governs the depth of focus, which is dependent on the wavelength, inverse
square of NA, and a second process dependent parameter, k2 [24].

R = k1 JINA

DOF =

For A

=

(3-1)

k2 V(NA)

2

(3-2)

365 nm, NA = 0.52, k1 = 0.7, and k2 = 0.6, the minimum resolution is 0.5

µm and DOF 0.8 µm. This capability is acceptable to resolve 0.5-µm-feature size. Karl
Suss MA55 Contact Aligner is ideal for the PGMPD because of the smallest feature of
this device is 50 µm; therefore the tool is capable of the process.
Details of the Coat and Develop recipes are shown in Figure 3-4. The SCS Resist
Coater is used. This tool is a standard research tool that is well characterized and very
reliable.
CoatRecipe
Bake

I

100 °c

I

60 sec

c:==>

Coat
3000RP�f
Thickness = 1.0 µm

c:==>

I
I

Pre Bake

110 °c
90 sec

DevelopRecipe
Post Exposure Bake

11s 0c
601;ec

I

I c:::::>

Develop
CD-26
45 sec

I c::::::>

Hard Bake
140 °c
60 �ec

Figure 3-4: Coat-Develop Recipes for PGMPD
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The target thickness for this step is 10,000 A. This thickness is sufficient to
withstand the electrodes and pads wet etch. The critical dimension on this level is a 50
µm space, which represents the minimum distance between electrodes. Include D,-D4 and
measure the CD (Critical Dimension) on the Zeiss Microscope (Carl Zeiss Microimaging,
Inc, Thorwood, NY 10594) in the RlT Micro and Nano Manufacturing Laboratory.

3.1.S

Etch
Once the lithography is done the next step is to remove the area of Aluminum

unprotected by photoresist and thereby form the desired metallization pattern.

The

commercially prepared acid mixture for Aluminum Etch by J.T. Baker Company
available in the SMFL is used. This Aluminum Etch Solution is a mixture of phosphoric,
acetic, nitric acids and water (16: 1: 1:2). A 3-minute etch in the etch solution will remove
unwanted Aluminum since the etch rate of the solution at 50° C is 5000 A/min. Figure 35 summarized the etching step.
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Rinse Substrate
200 mL DI Water
30 sec

Blow Dry
With N2 Gun

�I

<===i

"',

J. T. Baker Bath
3 min

I�
,I

Spray Rinse
DI Water

Spmy Rinse
DI Water

n

100 mL of .\{ethanol at
<;::=::i I Room Temperature
3min

Figure 3-5: Aluminum Etch Process Recipe

After the electrode patterns are obtained, the photoresist must be removed. A wet
chemistry etch in acetone will be sufficient to remove the photoresist.

Therefore the

photoresist strip is done using the same clean recipe as described in section 3.1.2.
However the last bake step is not performed.
3.1.6

Aluminum and Substrate interface adhesion
The final step in the PGPMD process is to ensure intimate contact is made

between the Aluminum and glass substrate. A low temperature step is performed at 45 ° C
for 5 minutes. The process will dry up the substrate and eliminate any moisture between
the Aluminum and glass interface for a potential peel or lift off. This process is similare
to the commonly know one in the Integrated Circuit (IC) processing as "sinter"
performed at 450 °C for 15 minutes while flowing a mixture of H2/N2, called "forming
gas." PGMPD is obtained shown in Figure 3-6 after processing.
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Figure 3-6: Photograph of PGMPD After Processing

3.1.7

Assembly
To make a chamber that confines plasma and bonded by the electrodes area with

fixed gaps, glass substrates are used with a 1-mm thick double-sided. The inlet and outlet
holes are drilled in a 75 x 25 x 1 mm glass substrate about 60 mm apart. Then the two
gas inserts are glued on the hole using cement super glue.

The assembly described

previously will be left for an hour with the glue for curing. Meanwhile to make the actual
plasma chamber, the double-sided tape is cut 2 mm on each side (width and length). This
ring is then taped to the glass substrate with the inserts on it for gas inlet and outlet. This
tapping step finalizes the assembly of the device. Figure 3-7 shows the end product of
the PGMPD process. The device is ready for testing.
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Figure 3-7: Photograph of the Final PGMPD with packaging

3.1.8

Operation Conditions
A schematic diagram in Figure 3-8 illustrates the experimental setup for the

PGMPD is shown and a photograph of the experimental setup is shown in Figure 3-9.
Rotameter
Argon
DC
Power
Supply

+

:\Ieasuring
Electronics

Gas Inlet

+

Gas Outlet
Record
Current
&Voltages

Optical Emission
SpectroscopJ fiber
PC

Figure 3-8: Schematic Diagram showing experimental setup for PGMPD
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Figure 3-9: Photograph of the experimental setup for PGMPD. (1) HV Power
Supply monitor, (2) Limiting resistor voltage monitor, (3) Current Monitor, (4)
Plasma voltage monitor, (5) MPD, (6) Limiting resistor, (7) Inlet gas line

3.2

Experimental Results and Analysis
To start, the PGMPD of the type shown in Figure 3-7 was briefly characterized by

using the experimental arrangement shown in Figure 3-9.

3.2.1

Breakdown Voltage vs. Electrode Gap Distance Study
Figure 3-10 shows a picture of glowing plasma in device (1-D 1 ) on the 500 µm

electrode gap at atmospheric pressure. Figure 3-10 illustrates the plasma only covers part
of the 500 µm electrode gap. This plasma is settled in an arc shape, with the curvature in
the direction of the argon gas flow.
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Table 3-2 shows the summary of the breakdown voltages. The configuration with
100 and 50 µm electrode gaps were not tested because the gaps were not resolved after
processing. This could be avoided by using a dry etch instead of a wet etch. The missing
data for the 3 mm electrode gap is due to the fact that the devices started to draw high
current close to 2.5 mA after few measurements. The results of the breakdown voltages
versus electrode gaps are shown in Figure 3-11; each of the data point corresponds to the
average of few data points as shown in Table 3-2. The standard deviations are also
shown in Figure 3-11. Three different sets of data points can be observed for the three
electrode gaps, along with the standard deviation, percentage standard deviation, and
range to confirm distinct performances for the three sets of measurements within the
same device and between device l-D 1 and 1-D2. The discharges necessitate voltages
close to 1900 V, 900 V and 600 V to ignite respectively for the 3 mm, 1 mm and 0.5 mm
electrode gaps.

These values appear to be slightly away from to the Paschen curve,

Figure 1-1, which predicts breakdown voltage around 1200 V, 450 V, and 390 V
correspondingly to the

3 mm, 1 mm and 0.5 mm electrode gaps.

However it is

important to mention that the Paschen curve was determined for unrestricted parallel
plate geometry.

In contrast, one used narrow gaps, where even during ignition charged

particles are most likely lost by internal collisions. As mentioned earlier only 4 data
points were collected on the 3 mm electrode gap due to the high current in the system.
This 3 mm configuration has a lowest standard deviation for the breakdown. However
the required ignition voltage is quite high and most of the current has been dissipated.
This would generate a high temperature plasma.
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Further investigation needs to be conducted in order to confirm this hypothesis.
Higher standard deviations are observed for the breakdown with also high voltages for
the 1 and 0.5 mm electrode gaps, respectively 12 % and 9%.

Changes in cathode

properties have to be the cause of the variation in breakdown for each of the electrode
gap distance (9].

a

---

•

b

Figure 3-10: Photograph of Plasma in PGMPD; (a) between the 500-µm-electrode
gap (b) close look at the plasma of the 500-µm-electrode gap
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Device#
1
1
1
2
2
2
1
1
1
2
2
2
Average
St.Dev
% St.Dev
Range

Electrode Gaps
3mm 1mm 500 µm
1847V 712V 502 V
1893V 854V 545V
870V 612 V
1945V 930V 700V
1805V 815V 545V
903V 578V
815V 531V
970V 601V
1045V 612 V
982 V 590V
1103V 603V
975V 591V
1873V 915V 584V
60V 109V 51V
3
12
9
140V 391V 198V

Table3-2: Summary of Breakdown Voltage of PGMPD
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Figure3-11: Breakdown Voltage vs. Electrode Gaps measured at three different
electrode gaps (0.5mm, 1mm,3mm) compared to values from Paschen's Curve
(+: measured values, a: Paschen's Curve values)
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3.2.2

I-V Characteristics
Current-Voltage characteristic data were not collected on the 3 mm electrode gap

configuration, as the ignition voltage was getting close to 2000V, which is the limit of the
Figure 3-12 shows the current-voltage diagram recorded with the 1 mm

power supply.

and 0.5 mm electrode gaps. The decrease of the voltage with current as observed with
the PGMPD at atmospheric pressure after ignition occurs frequently in glow discharges
and is generally ascribed to gas heating in the positive column [9].

Townsend dark discharge region
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--.,.
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••
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�
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320

Normal glow discharge region
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........ .
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Plasma Current [ uA]
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Figure 3-12: PGMPD Current-Voltage Characteristics(+: 1 mm,•: 0.5 mm)
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3.3

Conclusion
An argon plasma DC microplasma (PGMPD) has been developed and studied.

The breakdown voltages of the different electrodes gaps of the PGMPD were slightly
away the well-known Paschen curve. This to some extent the discrepancy between the
experimental data and Paschen values could be due to reproducibility of the device and
the contrast between both configurations. However the current-voltage characteristics of
the electrodes illustrate quality of normal glow discharges.

To achieve a smaller

breakdown voltage of the MPD for hydrogen production, suitable to replace portable
sources of electricity further development must be done. New design is needed to reduce
the breakdown voltage.
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Chapter 4 Parallel Plane Electrodes Microplasma Device
(PPEMPD)
4.1

Parallel Plane Electrodes Microplasma Device (PPEMPD) Fabrication Details
A Parallel Plane Electrodes Microplasma Device (PPEMPD) as shown in Figure

4-1 was developed in the Semiconductor and Microsystems Fabrication Laboratory
(SMFL) as the second design for this thesis work. The device process steps are similar to
the PGMPD previously mentioned with only one major difference; such as the ITO
electrodes etch. In the attempt to improve the performance of the previous design,
PPEMPD has been designed to have a fixed gap (100 µm) between the electrodes, where
the plasma would be confined.

This PPEMD shown in Figure 4-1 consists of two ITO

coated glass substrates from Structure Probe, Inc (SPI) used for both bottom and top
electrodes. A double-sided tape of 100 µm thick from 3M was used to define the plasma
chamber of volume 0.1 cm3 (0.01 cm x 1.4 cm x 7.2 cm). (1) Holes were drilled at the
edges through the top ITO coated glass substrate to create the gas inlet and outlet.

(2)

The two ITO coated glass substrates were patterned. Inlet and outlet inserts were affixed
to the drilled holes. (3) The top ITO patterned substrate is then place on the tape leaving
the ITO pad area for contact. With the gas flowing through the PPEMPD and a DC high
voltage applied to the ITO pads, plasma was generated between parallel plane electrodes.
Additional process details are included as follow in each step for ITO patterning and
collecting physical metrology data such as etch rate to detect any problem during
fabrication and to provide adequate experimental data.
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Bottom Glass

ITO Contact Pads

l
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0
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500 um
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100 um

30 um

Double sided tape

Figure 4-1: Schematic Diagram of PPEMPD

4.1.1

Drill Inlet and Outlet Holes
Inlet and outlet holes were drilled in the ITO coated substrates using diamond

drill bits (260.1 OF) from Dentist Supplier (Rochester, NY). To ensure that the sidewalls
inside the holes are smooth, the drill speed should be slow at about 700 to 800 RPM.
Using the water lubrication around the drill bit with a moderate pressure the glass holes
can be made. Increasing the drill pressure will only increase the friction and heat. This
not only burns the bit, but also increases stress level, causing fracture or crack of the ITO
coated glass substrate.

4.1.2

Substrate Cleaning
After the scribe and hole drilling, some residuals glass could be left or addition

particles added to the substrate due to handling. A clean is done with the same recipe
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parameter as section 3.1.2. This step will prepare a clean surface on the ITO coated glass
substrate for the lithography process.
4.1.3

Lithography
Same lithography process was employed for making PPEMPD as PGMPD.

These two ITO coated glass substrates were patterned wtih the same lithography process.
Both masks for top and bottom substrates are dark field, to define the electrodes and
contact pads. Everywhere else outside of the electrodes and contact pads will be plain
glass. Figure 4-2 (b) shows the PPEMPD after lithography.

This lithography process

recipe is shows in Figure 4-3.
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Figure 4-2: PPEMPD Process Flow
Coat Recipe
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100 °C
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4000 RPM
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Figure 4-3: Coat-Develop Recipes for PGMPD
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4.1.4

ITO Etch

The 1200

A ITO over the field area must be removed to define the electrodes and

contact pads. A 2-minute etch in 2: 1 (HCl : H20) at room temperature will remove the
ITO at a 620 A/min etch rate. Figure 4-4 shows details of the ITO etch. To ensure
complete removal of the ITO continuity of the field area, the intended etch area is done.
In case there is still ITO left in the field area, a 5 seconds increment etch is performed
until all the ITO are clear off. The cross section of the PPEMPD after the etch process is
shown in Figure 4-2 (c).

Rinse Substrate
200 mLDIWater

�I

30 sec

(HCI: H2 0)
2:1
(200 m.L: 100 mL)
2mln

ITO
Continuity
Check

D �o
Blow Dry
With N2Gun

¢=:J

Spray Rinse
DI Water

<===i

(HCI: H20)
2:1
(200 mL : 100 mL)
5 Sec Increment Etch

Figure 4-4: ITO Etch Recipe
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4.1.5

Substrate Cleaning
A clean process is performed to ensure the substrates are free of any Hydrochloric

Acid before any handling for assembly of the device. The clean is done with the same
recipe parameters as section 3.1.2.

This clean process also stripped the photoresist

remaining on top of the defined electrode and contact pads.
4.1.6

Assembly and Testing
The top and bottom electrodes are now sealed with a 100-µm-thick of double

sided tape. After insertion of the capillary tubes onto the drilled inlet and outlet holes,
glue was applied to the top pattern plate. The testing schematic diagram is similar to the
one shown on Figure 3-9. Plasma power was supplied by Kepco APH Model power
supply. The discharge voltage and current were measured using Digital Multimeter
(Model M-2795 Elenco). The multimeter was connected directly across the discharge
device. To limit the current of the circuit and therefore reduce the temperature of the
plasma a 2.7 Mn was placed in series with the discharge device. Discharge emitted light
was collected by a Ocean Optics fiber optic cable.

The cable was place directly on top

of the plasma area of optical emission spectroscopy analysis. Pictures were taken using
a Canon Power Shot SD1100 IS digital camera.

Figure 4-5 shows on the right the

finished processing slides and on the left the device assemble and ready for testing.
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Figure 4-5: Photograph of the Final PPEMPD

4.2

Study of Breakdown Voltage of PPEMPD Electrodes
The breakdown voltage measurement is summarized in Table 4-1. The data was

collected on two devices on two deferent days.

The average, standard deviation,

percentage standard deviation and range are reported to illustrate the variability in the
data.
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Electrode Size
Device# 3mm 500 µm 250 µm 100 µm 30 µm
280
1
360
260
360
680
1
310
320
275
448
350
2
248
430
340
330
2
340
350
300
300
370
1
320
290
290
510
330
1
320
340
300
520
2
270
410
310
310
2
320
340
320
320
390
310
320
230
293
723
1
300
310
285
545
310
1
290
304
2
403
450
339
2
320
303
307
375
310
281
307
273
703
363
1
593
287
277
334
343
1
434
2
304
413
312
315
2
307
313
584
350
311
531
311
298
309
356
Average
120
45
33
31
16
St.Dev
23
13
10
11
5
% St.Dev
122
120
348
140
Range
55
Table 4-1: Summary of Breakdown Voltage of PPEMPD
Figure 4-6 points up the results of the breakdown voltage measurements. Each
data points correspond to the average of eighteen measurements taken on two devices at
different locations. The standard deviations are also shown in Figure 4-6. Five different
points can be observed for the five electrodes size, and the standard deviations validate
the five distinctive performances. The gap distance is the same for all electrode size in
the experiment.

Higher values of standard deviations have been observed for the

breakdown voltages for all electrode sizes, especially of the 30 µm.
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The variations in breakdown voltages for each electrode are related to cathode
properties. This variation can be small for the 100 µm electrode size. It appears that the
breakdown voltages are repeatable within the two devices tested.
The breakdown voltage difference in the five electrode sizes could be due to
electron emission phenomena.

The diversity of the measurements was probably

influence by the reproducibility of the devices. The repeatability of the measurements
can be attributed to the spacing uniformity accuracy of the double-sided tape around the
device.
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Figure 4-6: Breakdown Voltage vs. Electrode Size (PPEMPD)
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1-V Characteristics

4.3

The PPEMPD necessitated voltages of up to 300 V to ignite. The current-voltage
characteristics shown in Figure 4-7 are those of normal glow discharge. The decrease of
voltage with current as observed occurs often in glow discharges and is generally
ascribed to gas heating in the positive column [9]. It seems to be two grouping of
electrode sizes as shown in Figure 4-7. Electrode sizes of 30 µm and 3 mm comes out in
one group. On the other hand the rest of the electrode sizes formed another group. It is
unclear why the two extreme electrode sizes, the largest (3 mm) and the smallest (30 µm)
seem to have the highest voltage stabilities (little lest than 165 V).

Additional

experimental results would be needed to explain this phenomenon.
Electrode Size
a-Jmm

175

5 00 um
250um

170

•

1 OOum
30um

tf65

155

150 -+--------------�-----�-----30

80

130

Plasma Current [ uA]

180

230

Figure 4-7: Current-Voltage Characteristic of PPEPMD
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(a)
- --(b)
Figure 4-8: Microscope Photographs of the damaged cathode by sputtering. (a) 3
mm cathode area before experiment; (b) 3 mm cathode after 2 hours of current
throughput; the device stopped working when the ITO layer has been removed.

4.4

Electrode Lifetime
Figure 4-8 shows the classic extensive cathode sputtering damage of the

electrodes. In Figure 4-8(a) are shown the 3 mm and 3 mm plus 500 µm cathodes area
before experimentation. While Figure 4-8(b) shown the previously mentioned cathodes
after about 2-hour testing. The anode stayed intact throughout the data collections. This
sputtering damage of the electrodes occurs because of the soft characteristics of ITO. To
avoid this result and therefore improve the lifetime of the device, one can use helium gas
instead of the heavier argon, applied reasonable current (30 µA).

In addition using the

barrier layer technique from display technology can prevent ion bombardment and
sputtering.

Furthermore annealing of the ITO performed at 300 °C in nitrogen and

oxygen environment could prevent a faster damage of the material. In addition different
material such as molybdenum or aluminum can be used to improve the lifetime of the
device.

The 2-hour device lifetime was reached because anode and cathode were

interchanged regularly throughout the experimentation.

The device stopped working

when majority of the ITO layer has been damaged as shown in Figure 4-8(b). According
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to this rigorous limitation of the device lifetime, cathode sputtering is the primarily
imperative problem to be tackled in the further development of the PPEMPD design.

a----------------

b

Figure 4-9: Plasma Pictures (PPEMPD); (a) Plasma located on the top corner of the
3 mm pixel; (b) Closer look at the plasma

4.5

Flow Rate Study versus Breakdown Voltage of PPEMPD
Table 4-2 and Figure 4-10 show the relationship between the breakdown voltages

and argon flow rate. Each data point shown on Figure 4-10 represents the average of five
measurements taken on the same device. All three curves appear to have the same trend
and reach very close first ignition voltages. It seems that the lower the argon flow rate
the easier the electric field breaks down.

The three curves are superposed on each one,

from bottom to top (30 seem, 70 seem to 140 seem).
With the consideration of using less gas for the plasma generation; one would
indicate that the 30 seem argon flow could be used for further experimentations.

This

would save on cost and energy required for ignition.
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Flow Rate [sccml
Electrode Size fmm] 30 seem 70 seem 140 seem

390
396
424
0.03
277
299
332
0.1
283
0.25
298
325
299
307
0.5
335
398
410
437
3
Table 4-2: Summary of PPEMPD Flow Rate vs. Breakdown Voltage
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Figure 4-10: Flow Rate Study versus Breakdown Voltage of PPEMPD

4.6

Conclusion
The relationship between breakdown voltage of electrodes size, current-voltage

characteristics as well as argon flow rate in the PPEMPD has been investigated.
Presently, the device lifetime is limited to about 2 hours due to cathode sputtering.
Further experimental investigations need to be done for further improvement.

46

Furthermore, the reproducibility of the device needs to be tackled for hydrogen
production application.

47

Chapter 5
5.1

Optical Emission Spectroscopy

Analysis of Emission Spectra
The same experimental set up described earlier in Figures 3-9 was used.

Spectrometer from Ocean Optics (HR4000) was used to measured spectral characteristics
of the discharge. In addition a water bubbler shown in Figure 5-1 was used to generate
the mixture of argon and water vapor. The spectra of the discharges were identified by
assessment and comparison with a variety of sources [25-27].

Gian)i'

+At,gon

Gas lnlel/Ovtlet

Outler

Jon

Elrorooes -Bottom Sh*

bvbbles

Water

Figure 5-1: Schematic Diagram of water argon and water-vapor setup

5.1.1

Argon Spectral Emission
Figure 5-2(a) is the plot of emission sperctra of the Ar plasma em1ss1on at

atmospheric pressure for both devices (PGMPD and PPEMPD) under investigations.
These spectra were taken as soon as the argon started to flow. After analysis of the
spectra using the available resourses [25-27], it was found that there is nitrogen presence
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in the plasma. The spectra emission in the range of 320-420 nm as shown in Figure 5-2b, illustrates the presence of the nitrogen in the Ar plasma. The argon peaks are present
in the range of 700-950 as shown on Figure 5-2-a.
To confirm the assumption of the plasma being contaminated by nitrogen, the
argon flow was left on for 3-minutes. Another spectra taken as shown on Figure 5-3 did
not show the presence of the nitrogen on both devices.
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Figure 5-3: Spectra of Ar plasma at atmospheric pressure of PGMPD and
PPEMPD without nitrogen contamination

5.1.2

Argon and Water Vapor Spectral Emission
Now a mixture of argon and water vapor was introduced in the devices. After a

waiting time of about 3 min, spectra emission was collected on both devices as shown in
Figure 5-3-a. The nitrogen peaks were still visible only on the PGPMD (Figure 5-3-b). It
is believe that the reason for this presence is that the PGPMD was first run, and that the
water bubbler required more time to get rid of the nitrogen from the air.
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Figure 5-4: Spectra of Ar plasma and water vapor at atmospheric pressure of
PGMPD and PPEMPD. (a) Full spectral range (200-1000 nm) (b) spectral emission
in the range 320-420 nm (N2 C-B lines only with PGPMD)
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The transformation of the spectrum for the case of the argon-water vapor mixture
is shown in Figures 5-5 and 5-6 for both PGMPD and PPEMPD respectively before and
after introduction of the gas mixture. Note that there are atomic hydrogen presences after
the introduction of the argon water vapor mixture in both cases (PGMPD and PPEMPD).
The Balmer Hydrogen lines, Hp at 486 nm and Ha at 656 nm are visible in Figures
5-5 & 5-6, showing some chemical reaction involving water. In addition, problem with
the emission line stability and intensity spikes make this study difficult to derive further
meaningful quantitative data, particularly as the associated noise is not constant but
related to the sample (water vapor) preparation.
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Figure 5-5: Spectra of Ar plasma and water vapor at atmospheric pressure of
PGMPD - Before and After introducing the water vapor. (a) full spectral range
(200-1000 nm) (b) spectral emission in the range 390-900 nm (Hp at 486 nm and Ha
at 656 nm)
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Figure 5-6: Spectra of Ar plasma and water vapor at atmospheric pressure of
PPEMPD - Before and After introducing the water vapor. (a) full spectral range
(200-1000 nm) (b) spectral emission in the range 390-900 nm (Hp at 486 nm and Ha
at 656 nm)
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5.2

Conclusion

DC normal glow discharges were experimentally investigated at atmospheric pressure
using a mixture of argon and water vapor.

The discharges were characterized by

visualization of the discharges and spectra collected by OES. Argon and argon with
water vapor needs to be flown in the devices for about 5 min before start collecting OES
spectra. The argon water vapor plasma provides atomics hydrogen peaks at 486 and 656
nm, showing the potential of using microplasma to decompose water vapor and to
generate4 hydrogen.
The presence of hydrogen atomic lines indicates dissociation of water. Molecular
emission of H 2 between 500 nm and 600 nm might be present.

Although the

spectrometer sensitivity does not allow a concluding analysis of the spectra. Therefore
the results are promising.

Two main issues will have to be verified in the future: (1)

efficiency of dissociation and (2) rate of hydrogen atoms recombination to form H2
molecular. Improvements in these directions can be optimized in (1) device design and
materials, (2) power coupling and (3) flow dynamics and gas mixtures of H2 precursors.
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Chapter 6
6.1

Conclusion and Future Work

Summary of Demonstration and Findings
This project accomplished here started with a mean of investigating microplasma

device designs for hydrogen production and it has been achieved with a significant effort.
This work established a good foundation for the design of microplasma device here at
RlT (Rochester Institute of Technology).

Various design issues related to this

investigation are identified and clarified and solutions are proposed as summarized in
Table 6-1.

Proposed Solution
-PGMPD: Etch glass substrate to define
plasma chamber, reduce electrode gas
distance
-PPEMPD: Use PDMS to define thinner
distance between the parallel electrodes
-Design that would have the plasma
confined in a dielectric material such as
photoresist
Single pixel design
Multiple Pixels (PPEMPD)
Use electrode size in the micrometer
Electrode Size (PPEMPD)
range (100-250 µm)
-Use a barrier layer to protect ITO
Life time (PPEMPD)
-Anneal ITO after processing
m
the
Small plasma spot on corner of -Employ electrode size
micrometer range (100-250 µm)
electrode
-Introduce DC pulse or AC
Table 6-1: Design investigation issues identified and corresponding proposed
solutions
Desien Issue
High Breakdown Voltages

It

was found that the lower the argon flow rate, the less ignition voltage is

required.

For the OES spectrum collection one should wait about 5 to 10 min before

collecting data.
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Overall, with the process developed and the contribution of plasma
characterizations, this research on MPD at RIT is in position from where it can be very
well taken further for the future development of MPD.
6.2

Future Work
Promising results have been obtained from the designed MPD in the project,

although further improvements and new direction still need to be conducted; the efforts
have lighted new routes to the future developmental work that should be undertaken to
develop MPD to generate hydrogen for portable electricity application.
The devices can be redesigned to make it high performing, reliable and robust to
the developed process. The steps for achieving that are as follows.
Increase the lifetime of the device; a controlled experiment using in-situ annealing (300 C
in nitrogen and oxygen flow) for studying the effect of various ITO thicknesses can be
done to strengthen the ITO layer. In addition a barrier layer technique use in display
technology could also be used.
Generate plasma in a confined space.

The future of MPD at RIT is quite

promising and this research work, though a very small step; contributes in going near to
the ultimate goal of realizing alternative source of energy.
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